Isotopic exchange of 31S between penicillins and 6-amino-penicillanic acid (6-APA) was observed in cell-free extracts of Penicillium chrysogenum. Sulfhydrylcontaining compounds were required for activity. Dithiothreitol, dithioerythritol, mercaptoethanol, and glutathione served as activators. The Peterson and Wideburg (8) found that Penicillium chrysogenum 51-20F3 catalyzes isotopic exchange of 31S between benzylpenicillin (penicillin G) and phenoxymethylpenicillin (penicillin V). Unfortunately a detailed description of their work was never published.
Peterson and Wideburg (8) found that Penicillium chrysogenum 51-20F3 catalyzes isotopic exchange of 31S between benzylpenicillin (penicillin G) and phenoxymethylpenicillin (penicillin V). Unfortunately a detailed description of their work was never published.
We have studied the isotopic exchange reaction and have given special attention to its possible involvement in penicillin biosynthesis.
MATERIALS AND MErHODS
35S-labeled compounds. Penicillins of known specific activity, labeled with 36S, were prepared by fermentation and were isolated by solvent fractionation as described by Pruess and Johnson (9) . Preparation of '5S-6-aminopenicillanic acid (6S46-APA) was achieved by enzymatic hydrolysis of35S-penicillin G. An acetone powder of Micrococcus roseus ATCC 516 cells was incubated with 35S-penicillin G atpH 8 for 5 hr at 35 C. Unreacted penicillin G was removed at 4 C by ether extraction at pH 3. Derivatives of penicillin G and 6-APA were prepared as previously described (9) .
Strains ofPenicillium chrysogenum. Members of the "Wisconsin Family" of P. chrysogenum were used in this work. See Backus and Stauffer (1) for a complete discussion of the genealogy.
Growth conditions. Fermentation inocula were prepared as described by Segel and Johnson (10) . Organisms were maintained as spore suspensions in soil. Spore suspensions were sprinkled on tomato juice agar to obtain fresh spores. The fresh spores were suspended in sterile water and added to glucose-lactate-salts inoculation medium. After 48 hr of growth, 10 ml of the inoculum culture was added to 100 ml of fermentation medium. Two fermentation media were used in this work: the chemically defined medium of Tardrew and Johnson (11) containing 1 g/liter of sodium sulfate; and a medium containing (per liter): lactose, 50 g; corn steep liquor, 50 g; and sodium sulfate, 1 g. After 24 hr, 0.4 ml of lard oil containing 5% Alkaterge-C was added to the steep liquor medium to prevent foaming. All fermentations were carried out in 500-ml Erlenmeyer flasks at 25 C on a rotary shaker.
Enzyme preparation. Mycelium was removed by ifitration, washed with water, and suspended in a 5 mm solution of dithiothreitol (DTT), 1 g of wet mycelium per 4 ml of DTT solution. The suspension was cooled near 0 C and extruded twice with a French press (American Instrument Co.) at pressures of about 10,000 psi. ThepH was adjusted to 8 and the unbroken cells and cell debris were removed by centrifugation at 10,000 X g for 20 min at about 5 C. To 17 ml of cellfree extract was added 7 ml of calcium phosphate gel suspension [1.6 g/liter, prepared as described by Keilin and Hartree (6) ]. The pH was adjusted to 6.0. After 3 min, the gel was removed by centrifugation and washed with 40 ml of water. A direct measurement of initial velocities was obtained by plotting radioactivity in substrate B versus time. This method was used for the determination of the apparent Michaelis constant for penicillin G.
RESULTS AND DISCUSSION
As mentioned in the introduction, exchange of sulfur-35 between penicillin V and penicillin G catalyzed by P. chrysogenum mycelium has been observed (8) . In confirmation of those results, we also observed rapid exchange of 35S between penicillin G and penicillin V in the presence of P. chrysogenum 51-20F3 mycelium. In addition, we found exchange between 35S-penicillin G and 6-APA.
To eliminate the problem of permeability, a cell-free extract was prepared as described by Peterson and Wideburg (8), but no activity was observed.
Exchange activity in the cell-free extract was observed when sulfhydryl-containing compounds were added. Dithiothreitol, dithioerythritol, mercaptoethanol, and glutathione were found to stimulate activity. Ethylenediaminetetraacetic acid,' 1 mm, did not affect the rate of exchange. However, bis-dithionitrobenzoic acid (10 mM) completely inhibited the exchange reaction.
The pH optimum for activity in the cell-free extract was found to occur at 8. The activity was heat labile and nondialyzable. The activity remained in solution after centrifugation at 100,000 X g for 30 min and was precipitated by ammonium sulfate at 30% saturation.
Studies on the substrate specificity and reaction mechanism were carried out with the enzyme purified with calcium phosphate gel. The enzyme preparation showed a pH optimum at 8 ( Fig. 1 ) and lost no measurable activity during incubation at pH 8 for 30 min at 25 C.
The effect of dilution on enzyme activity is shown in Table 1 . For a given product of enzyme concentration and reaction time, the same amount of isotope equilibration results; therefore it was concluded that dissociable activators or inhibitors were not present in the calcium phosphate-purified enzyme under the conditions of the assay. It should be mentioned that the appearance of sulfur-35 in 6-APA follows firstorder kinetics; this is required of the isotopic exchange reaction.
The effect of penicillin concentration on exchange velocity was measured at one concentration of 6-APA (Fig. 2) ; an apparent Michaelis constant of 1.5 ±t 0.5 mM was calculated.
In the absence of 6-APA, the calcium phosphate-purified enzyme showed no penicillin amidase activity, i.e., penicillin was not deacylated to form 6-APA. The limit of detection in this work was 20 AM. In an independent experiment, 35S-6-APA and penicillin V were incubated with enzyme. The isotope was equilibrated between the 6-APA and penicillin V. It can be concluded acyltransferase. Samples (0.1 ml) of the calcium phosphate-purified enzyme, obtainedfrom mycelium ofstrain 51-20F3 that had been grown for 60 hr in the corn steep liquor medium, were incubated for 15 min at the indicated pH values with 0.2 ml-portions of substrate solution (35S-penicillin G, 2.12 mM; 6-APA, 10 mM; dithiothreitol, 7.5 mm). Samples were chromatographed in system 1. Radioactivity determinations and calculations of enzyme activity were performed as described under Materials and Methods. that the enzyme is probably not acting as a penicillin amidase. The rate of exchange of 35S between penicillin V and penicillin G was stimulated by 6-APA (Fig. 3) . When 35S-penicillin G was incubated with 6-APA and phenoxyacetic acid, no penicillin V was formed, but the rate of exchange of 35S-penicillin G with 6-APA was not impaired until the phenoxyacetic acid concentration exceeded 10 mm. These experiments suggest the formation of an acyl-enzyme intermediate. This mechanism requires that 6-APA stimulate the exchange rate, because the rate of penicillin formation is dependent on the concentration of 6-APA, unless this compound is present in excess. If there is no hydrolysis of the acyl-enzyme, the concentration of 6-APA will equal the concentration of acyl-enzyme. The concentration of acylenzyme is of course low; so in the absence of added 6-APA, a slow rate of exchange between -penicillin G and penicillin V will result.
The acyl group specificity is of interest in regard to penicillin biosynthesis. Samples Fig. 1 , were added to 0.20-ml portions of substrate solution (35S-6-APA, 0.5 mM; DTT, 2.5 mM; and unlabeled penicillin, 0.5 mg). Incubation was carried out at pH 8 for 30 min. Chromatograms were run in system 3 for penicillin V, penicillin K, penicillin G, penicillin X, penicillin dihydro F, and phenylpenicillin; in system 2 for penicillin X, methylpenicillin, and phenylpenicillin; and in system 1 for penicillin N. Radioactivity determinations were performed as described under Materials and Methods. Isotopic exchange was observed with penicillin V, penicillin K, penicillin G, penicillin X, and penicillin dihydro F. No exchange was observed with methylpenicillin, phenylpenicillin, and penicillin N. Exchange would not have been observed if its rate was less than 5% of the rate observed with penicillin V. The penicillins that show good exchange activity are also those that accumulate in fermentation broths when precursor acids are added.
Benzylpenicillin sulfone was synthesized-by permanganate oxidation of penicillin G (5) and tested with 35S-6APA as described above. No labeled penicillin G was detected. a Samples (0.1 ml) of calcium phosphate gelpurified enzyme, prepared as described in Fig. 1 , were incubated with 0.2-ml portions of substrate solution (85S-penicillin V, 1 mM; dithiothreitol, 10 mM; acyl-acceptor, 7.5 mm) for 30 min. Chromatograms were run in System 1. Radioactivity determinations and calculation of enzyme activity were performed as described under Materials and Methods.
The specificity for acyl acceptor appears to be very limited (Tablee 2 and 3). Activity was shown by 6-APA and its penilloic acid, 3-4-carboxy -5,5 -dimethyl -2 -aminomethylthiazolidine (CDAT). However, the penicilloic acid of 6-APA (penicic acid), 7-aminocephalosporanic acid (7-ACA), and benzylpenicillin sulfone were inactive. Short-chain alcohol esters of glycine and alanine were active, but glycine, valine ethyl ester, and glycine methylamide were inactive. Bulky groups like the two methyl groups of valine and the two oxygen atoms of benzylpenicillin sulfone probably cause inactivity by steric interference. Although the,B-lactam and thiazolidine rings are not required for activity, the activity shown by 6-APA and the glycine esters and the inactivity shown by 7-ACA, glycylglycine, and glycine methylamide, indicate that there are specific structural requirements for the acyl acceptor group. It has been assumed in this discussion that only one enzyme is responsible for acyltransferase activity.
There was a net production of 6-APA from penicillin V when either CDAT or the indicated amino acid esters were incubated with penicillin V and enzyme. CDAT undoubtedly acts as an actyl group acceptor, since 3aS-penilloic acid was formed when penicillin V and 36S-DAT were incubated with enzyme. Phenoxyacetylglycine ethyl ester is water-insoluble, so that it could not be used as a substrate. Therefore it can only be assumed that the amino acid esters are serving as acgroup-aceAcyltransferase activity in P. chrysogenum 51-20F3 was measured at various times during PRUESS AND JOHNSON 
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Coenzyme A a All compounds were tested as described in Table 2 and showed less than 3% of the activity shown by growth in the chemically defined medium (Fig.  4) Table 4 is 145 Mmoles X hr-' X g (dry weight) of mycelium-n.
The levels of acyl exchange activity in several strains of P. chrysogenumr are given in Table 4 . The data are expressed in three ways: as units of enzyme per milligram of protein in the extract; as units of enzyme per gram (dry weight) of mycelium from which the extract was prepared; and as total units of enzyme per fermentation flask. Because mold mycelium is difficult to rupture, the percentage of cell breakage may depend on the particular strain and the growth conditions. Enzyme activity expressed as units per milligram of protein tend to correct for differences in the percentage of rupture. However, the percentage of inactive protein per milligram of mycelium may also vary. Therefore, the data are expressed on the per gram of mycelium basis. To correct for differences in growth, the data are also calculated on the per fermentation-flask basis. It can be seen, however, that the levels of activity, expressed in three different ways, change in approximately the same proportion from strain to strain and medium to medium. Therefore, the per cent cell breakage and the per cent inactive protein per gram of mycelium are probably about the same for each strain tested. It is apparent from Table 4 that enzyme preparations obtained from mold aStrains of P. chrysogenum were grown in the corn steep liquor medium (A) and chemically defined medium (B) as described under Materials and Methods. At the indicated times, flasks were harvested and cell-free extracts were prepared from 2 g (wet weight) of mycelium as described under Materials and Methods. Samples (0.1 ml) of the extracts were added to 0.1-ml portions of substrate solution (35S_ penicillin G, 2.6 mM; 6-APA, 10 mM; dithiothreitol, 5 mm) and were incubated for 15 min at pH 8. Chromatograms were run in system 1. Radioactivity determinations and calculations of enzyme activity were performed as described under Materials and Methods.
grown on the corn steep liquor medium contain more enzyme activity, at higher purity, than preparations obtained from mold grown on the chemically defined medium. It should be noted that the level of transferase activity in strain Q 176 is about four times the level in strain 1951, and the level in 51-20F3 is two to three times the level in 50-935.
The following molds were tested as described in Table 4 . Aspergillus niger Benkheiser, A. sydowi, and P. chrysogenum NRRL P-65. No activity was observed.
Emericellopsis terricola var. glabra, which produces penicillin N, was grown in corn steep liquor medium and in a chemically defined medium (2) . Whole mycelium and cell-free extracts were tested for acyltransferase activity with 35S-penicillin G and 6-APA. No activity was observed.
Several compounds were added to P. chrysogenum fermentations to investigate possible induction of acyltransferase actvity. Phenylacetate was added to 51-20F3 fermentations carried out in chemically defined and corn steep liquor media; no increase in activity was detected. A 20-mg amount of 6-aminopenicillanic acid was added to strains NRRL 1951 and 49-408 after 12 hr of growth; no stimulation or inhibition in enzyme level was observed at 24 or 50 hr when assayed as described in Fig. 3 . It should be noted that 49-408, a mutant derived from 48-701, does not produce penicillin or 6-APA (4) but still has acyltransferase activity equal to that of its parent strain.
The enzyme does not appear to act as a penicillin amidase. The acyl and amino group specificity, and the increased level of activity in high penicillin-yielding mutants suggest that, in vivo, the enzyme is involved in penicillin biosynthesis.
